Lysergic acid diethylamide (LSD) was synthesized in 1938 and its psychoactive effects discovered in 1943. It was used during the 1950s and 1960s as an experimental drug in psychiatric research for producing so-called "experimental psychosis" by altering neurotransmitter system and in psychotherapeutic procedures ("psycholytic" and "psychedelic" therapy). From the mid 1960s, it became an illegal drug of abuse with widespread use that continues today. With the entry of new methods of research and better study oversight, scientific interest in LSD has resumed for brain research and experimental treatments. Due to the lack of any comprehensive review since the 1950s and the widely dispersed experimental literature, the present review focuses on all aspects of the pharmacology and psychopharmacology of LSD. A thorough search of the experimental literature regarding the pharmacology of LSD was performed and the extracted results are given in this review. (Psycho-) pharmacological research on LSD was extensive and produced nearly 10,000 scientific papers. The pharmacology of LSD is complex and its mechanisms of action are still not completely understood. LSD is physiologically well tolerated and psychological reactions can be controlled in a medically supervised setting, but complications may easily result from uncontrolled use by layman. Actually there is new interest in LSD as an experimental tool for elucidating neural mechanisms of (states of) consciousness and there are recently discovered treatment options with LSD in cluster headache and with the terminally ill.
Introduction
Lysergic acid diethylamide (LSD) is a semisynthetic product of lysergic acid, a natural substance from the parasitic rye fungus Claviceps purpurea. Albert Hofmann, a natural products chemist at the Sandoz AG Pharmaceutical Company (Basel, Switzerland) synthesized it in 1938 while searching for pharmacologically active derivatives of lysergic acid. He accidentally discovered its dramatic psychological effects in 1943. Though he synthesized many lysergic acid derivatives, none had LSD's unique spectrum of psychological effects. During the 1950s LSD (Delysid c Sandoz) was introduced to the medical community as an experimental tool to induce temporary psychotic-like states in normals ("model-psychosis") and later to enhance psychotherapeutic treatments ("psycholytic" or "psychedelic" therapy) [1, 2] .
Toward the end of the 1960s, people began using LSD for recreational and spiritual purposes, [3] leading to the formation of a "psychedelic movement" during the international student protests of that era [4, 5] . Though the protest movement declined, the use of LSD continued. It is still a major hallucinogen, illegally used worldwide. The National Survey on Drug Use and Health [6] has, for example, reported LSD as a major drug of abuse in every annual survey since the 1970s.
Despite LSD's successful and safe use as a psychotherapeutic adjunct and experimental tool (cf. Ref. [7] and the retrospective surveys of Cohen [8] and Malleson [9] ), almost no legal clinical research with LSD has occurred since the 1970s. Exceptions include the continued use in psychotherapy by Hanscarl Leuner at Göttingen University (Germany) and by a limited number of psychotherapists in Switzerland from 1988 to 1993 [10, 11] . Today, interest is increasing for using LSD in brain research, treatment of cluster headache [12] , and as an aid in the psychotherapeutic treatment of the terminally ill [13, 14] .
Though no physical damage results from the use of LSD, many psychiatric complications have been reported, with a peak occurring at the end of the 1960s [15, 16] . Although the dosage appears mostly unchanged since the 1970s [16] , the number of complications has probably declined since the late 1960s and early 1970s because today there may be better-informed users, better mental preparation and attention to surrounding conditions, and reduction in dosage weight (although one report claims LSD dosage has remained fairly constant since the 1970 [16] ).
Due to the widely dispersed (across time and languages) experimental literature concerning the pharmacological properties of LSD, old and new data are together reviewed here. It should be noted that the characterization of the complex effects on the human psyche are not the focus of this review [17] [18] [19] .
Chemistry
LSD is a semisynthetic substance derived from lysergic acid as found in the parasitic rye fungus C. purpurea. The molecule consists of an indole system with a tetracyclic ring (C 20 H 25 ON 3 ) (see Figure 1) .
Carbons 5 and 8 are asymmetric: therefore, four isomeric, optically-active LSD isomers are possible and known. These are d-and l-LSD and d-and l-isolysergic acid diethylamide. Only the d-LSD isomer has psy- choactive properties. D-LSD crystallizes from benzene in pointed prisms. It is water-soluble and its melting point is 83
• C. LSD is usually stabilized in solution as its tartrate salt. The molar mass is 323.42 g/mol.
A great number of homologs and analogs of LSD has been studied [20] [21] [22] [23] . These derivatives consist of variations of substituents on the amide group, sometimes accompanied by substituents on the indolic pyrrole ring. Except for derivates substituted at the N-6 [24] , no other derivate has shown a potency comparable to that of LSD [25] .
Pharmacology of LSD Psychological Effects
A moderate dose (75-150 μg p.o.) of LSD will significantly alter state of consciousness. This alteration is characterized by a stimulation of affect (mostly experienced as euphoria), enhanced capacity for introspection, and altered psychological functioning in the direction of Freudian primary processes, known otherwise as hypnagogic experience and dreams [26] . Especially noteworthy are perceptual changes such as illusions, pseudohallucinations, synesthesias, and alterations of thinking and time experience. Changes of body-image and egofunction also often occur [27, 28] .
The acute psychological effects of LSD last between 6 and 10 h, depending on the dose applied.
The minimal recognizable dose of LSD in humans is about 25 μg p.o. [29, 30] . The "optimum" dosage for a typical fully unfolded LSD reaction is estimated to be in the range of 100-200 μg [18, 29, 31] .
Traumatic experiences (called "bad trips") can have long-lasting effects on LSD users, including mood swings and rarely flashback phenomena [15] . It should be noted, however, that these generally take place in uncontrolled conditions. Conversely, it has been shown that under controlled and supportive conditions, the LSD experience may have lasting positive effects on attitude and personality [32] .
Acute Neurocognitive Effects
One problem with acute cognitive testing is that after a clinical dose of LSD (100 μg or more) is given, subjects become too impaired to cooperate due to the intensity of perceptual and physical changes. Lower doses may not capture the real cognitive effects LSD may provoke. Nevertheless, many tests have been given and the most representative studies are cited.
Psychomotor functions (coordination and reaction time) are frequently impaired after LSD [33] [34] [35] . LSD also decreases performance on tests of attention and concentration [36, 37] . Jarvik et al. [38] found 100 μg LSD to impair recognition and recall of various stimuli. Aronson and Watermann [39] showed learning processes to be unaffected by 75-150 μg LSD. Jarvik et al. [40] found that 100 μg LSD significantly impaired performance on arithmetic while 50 μg had no such effect. Memory was also affected by LSD as was illustrated with the Wechsler Bellevue Scale [41] . Impairment of visual memory was shown in the Bender-Gestalt test [34] . Thinking processes are more resistant but can be also affected when higher doses of LSD are given [42, 43] . Under the influence of LSD, subjects will overestimate time intervals [44] . Lienert [45] [46] [47] [48] [49] showed in several intelligence tests, that intellectual functions are impaired under LSD. He interpreted his results as a regression of intellectual functions to an ontogenetically younger state of development.
See Hintzen [50] for a complete review of neurocognitive studies with LSD.
Turning to chronic neurocognitive after-effects from LSD exposure, Halpern and Pope's [51] review indicated no evidence for lasting impairments in performance.
Toxicological Data
The LD 50 of LSD varies from species to species. The most sensitive species is the rabbit, with an LD 50 of 0.3 mg/kg i.v. [52] . The LD 50 for rats (16.5 mg/kg i.v.) is much higher [52, 53] , though mice tolerate doses of 46-60 mg/kg i.v. [52, 54] . These animals expired by paralysis and respiratory failure. Monkeys (Macaca mulatta) have been injected with doses as high as 1 mg/kg i.v. without any lasting somatic effects [55] .
There have been no documented human deaths from an LSD overdose. Eight individuals who accidentally consumed a very high dose of LSD intranasally (mistaking it for cocaine) had plasma levels of 1000-7000 μg per 100 mL blood plasma and suffered from comatose states, hyperthermia, vomiting, light gastric bleeding, and respiratory problems. However, all survived with hospital treatment and without residual effects [56] .
In 1967, a report gave evidence for LSD-induced chromosomal damage [57] . This report could not stand up to meticulous scientific examination and was disproved by later studies (for example, Dishotsky [58] and for complete review Grof [31] ). Empirical studies showed no evidence of teratogenic or mutagenic effects from use of LSD in man [59] [60] [61] . Teratogenic effects in animals (mice, rats, and hamsters) were found only with extraordinarily high doses (up to 500 μg/kg s.c.) [62] . The most vulnerable period in mice was the first 7 days of pregnancy [63] . LSD has no carcinogenic potential [31] .
Somatic Effects
The threshold dose for measurable sympathomimetic effects in humans is 0.5-1.0 μg/kg LSD p.o. [64] . A moderate dose of LSD for humans is estimated as 75-150 μg LSD p.o. [18, 31] . Dosing of animals (rats and cats) with very high doses of LSD (up to 100 μg/kg i.v.) leads to mild autonomic changes of mydriasis, tachycardia, tachypnea, hyperthermia, hypertonia, and hyperglycemia [65] . These changes may be the result of an excitatory syndrome caused by central stimulation of the sympathetic system. Lowering of blood pressure and bradycardia was found in the affected animals, and it was concluded that the sympathomimetic effects of LSD require the activation of higher cortical centers [66] .
Autonomic changes reflect a stimulation of both branches of the autonomic nervous system. Sympathetic stimulation is evidenced, in most subjects, by a pupillary dilation and light to moderate increases in heart rate and blood pressure (see Table 2 ) [67, 68] ; other more inconsistent signs are slight blood-sugar elevation [69, 70] and, rarely, some increase in body temperature. Respiration remains generally unchanged (see Table 3 ). Other symptoms point to parasympathetic stimulation: diaphoresis and salivation are frequent, nausea may occur, emesis is exceptional, and flushing of the face is more frequent than paleness (see Table 4 ). Sympathicotonia usually predominates, but there are great individual variations and a marked parasympathicotonia with bradycardia and hypotension are observed in some subjects [18, 67] . Temporary headache and near-syncope have sometimes been reported [35, 71] . There is no evidence that LSD alters liver function [18, 72, 73] .
Reports of changes in adrenaline levels due to LSD are contradictory, [70, 74] which may reflect individual variations of sympathicotonia induced by individually different experiences on a psychological level.
The most consistent neurological effect is an exaggeration of the patellar (and other deep tendon) reflexes [42] . More unusual signs include slight unsteadiness of gait to full ataxia, positive Romberg's sign, and mild tremor [18, 31] . Other physiological measures are unaffected.
Beyond objectively measurable somatic changes, there are other somatic symptoms experienced by some subjects (cf. Table 1 ).
Sokoloff et al. [75] elicited only mild pulse rate and blood pressure changes (as well as slight hemoconcentration) in normal subjects. It remains undetermined whether the hemoconcentration represents an absolute increase in circulating hemoglobin mobilized from stored pools of red cells or is the result of a relative increase of hemoglobin concentration because of a loss of plasma volume. Sokoloff et al. [75: 475-476] suspect that "the elevated blood pressure and the hemoconcentration could both be explained by the increased motor activity" of their LSD subjects. Most somatic effects ascribed to LSD, and reported mainly in less methodologically sophisticated studies, may be secondary effects caused by the psychological reaction to the drug (i.e., the physiological and CNS response to the psychological experiences) [35] .
The effects of LSD on blood pressure are probably complex, because of its in situ action on blood vessels, cardiac and other muscular systems, lungs, and respiration, as well as its effects on the central nervous system and carotid sinuses.
Biochemical Changes
LSD given to normals (0.5 to 1 μg/kg p.o.) reduced the excretion of inorganic phosphate (as found also with the other hallucinogens mescaline and psilocybin), suggesting that LSD may act on enzymatic systems to facilitate the binding of phosphate [76] . Although this decrease is consistently observed, its significance in regard to the action of LSD is unclear, and it may just be a simple nonspecific manifestation of psychological stress [77] .
Messiha and Grof [78] studied the effects LSD on biogenic amine excretion (n = 7, 200-300 μg p.o.). LSD significantly reduced urinary dopamine excretion (to 476 μg per 24 h), but excretion of norepinephrine, serotonin, homovanillic acid, vanillylmandelic acid, and 5-hydroxyindoleacetic acid were not affected.
LSD induces a slight decrease in creatinine clearance, but no change in calcium clearance and serum calcium levels [77] . No changes were documented for serum creatinine, plasma urea, plasma sodium, chloride, serum cholesterol, total lipids, and osmolality. Transaminase levels were essentially unchanged as were all other hepatic tests applied. Examination of urinary constituents has also failed to reveal any abnormality (data summary in Hollister [69] ).
Another finding (consistent with the presence of psychological stress) is the mobilization of free fatty acids after ingestion of LSD (1-1.5 μg/kg p.o.) [79] .
Changes in Sleep-Waking Cycle and Dreaming
Low doses of LSD (n = 12, 6-40 μg p.o.) immediately applied before or 1 h after sleep onset lead (in a dosedependent manner) to a prolongation of the first or second rapid eye movement (REM) periods by 30-240% and a shortening of following periods. Eye movements during these periods are less numerous. Total REM sleep is prolonged. No qualitative changes in sleep as measured on EEG have been found [80] . Torda [81] infused LSD (n = 2, 5 μg i.v./hour) after the start of the third REM period and found that the beginning of the fourth REM period began after 10-15 min, instead of the usual 40-60 min. Theta activity was decreased in this study. Sleep deprivation prior to LSD application leads to more intense psychological reactions [82, 83] .
Endocrinological Changes
LSD significantly lowers resting plasma prolactin levels in male rats (0.05 and 0.2 mg/kg) [84] . No changes were found for luteinizing hormone (LH) and folliclestimulating hormone (FSH) (100 or 500 μg/kg LSD i.p.), even with long time regimes [85] .
In humans, LSD increases serum growth hormone with a peak at 120 min. but does not alter serum prolactin levels [86] . Rinkel et al. [87] found a significant increase of 17-ketosteroid excretion (single-blind, n = 100, 0.5 μg/kg LSD p.o.).
Pharmacokinetics Resorption
After p.o. ingestion, LSD is completely absorbed in the digestive tract [22, 52] . After 100-250 μg LSD p.o., psychological and sympathomimetic effects persist for 30-45 min, reaching their peak after 1.5-2.5 h (see Figure 2 ) [18, 88] .
Upshall and Wailling [89] demonstrated that with a large meal, plasma concentrations of orally ingested LSD were half as much as on an empty stomach. When a smaller meal was eaten, plasma levels were somewhere between. It was concluded that the amount of the meal, as well as the pH of the stomach and duodenum, will influence the absorption of LSD.
Clinical data about different modes of application are shown in Table 5 . Hoch [88] found no qualitative differences regarding psychological LSD effects, regardless of the route of administration. Differences were chiefly of a quantitative nature and in rapidity of onset of effects. Sokoloff et al. [75] found identical questionnaire results comparing orally dosed subjects (n = 14, 100-225 μg p.o.) of Abramson et al. [71] with their intravenously dosed subjects (n = 13, 120 μg i.v.). Both studies employed the Abramson-questionnaire, designed to evaluate psychological LSD effects.
Distribution in the Organism
The distribution of LSD across tissue and organ systems is yet to be quantified for the human organism.
In mice, [ 14 C]-LSD (50 μg i.v.) disappeared in a few minutes from blood and was found within 10 min in nearly all organs [90] . In the duodenum, the activity reached a maximum (with 50% of radioactivity) at the 2 h mark. [ 14 C]-LSD is then transported in the chyme through the digestive tract and reaches a maximum in the colon after approximately 3 h (see Figure 3 ) [91] . The digestive tract contains 70-80% of the radioactivity 3-12 h after ingestion [92] .
The largest quantity of [ 14 C]-LSD was found in the liver, where it slowly disappeared during the first 12 h, which points to a significant enterohepatic circle [92, 93] .
In rat brain, a much lower LSD concentration is found compared to blood plasma levels. [ 14 C]-LSD disappears from rat brain much more rapidly than from blood plasma [94] . Other researchers found high amounts of radioactive LSD in the hypophysis of rats (500μg/kg i.v.) [95] as well as monkeys (0.5-2 mg/kg i.v.) [96] . In cats (1 mg/kg i.v. LSD), the highest concentrations were detected in the gallbladder and blood plasma. Lower concentrations were found in the lungs, liver, brain, digestive tract, spleen, and muscle, with the lowest concentrations found in fat tissue [93, 97] .
The presence of considerable amounts of the drug in the brain and cerebrospinal fluid (CSF) of rats and cats indicates that LSD may easily pass the blood-brain barrier [97] .
Hoff and Arnold [98] demonstrated that [ 14 C]-LSD passes the blood-brain barrier in mice. It was suggested that the choroid plexus may be central for this passage [99] .
Axelrod [97] studied liver and blood levels of LSD in monkeys (M. mulatta) after 0.2 mg LSD/kg i.v. The maximum LSD level in CSF was reached within 10 min and subsequently fell during the next hours. The amount of LSD in CSF was about the same as the unbound form in blood plasma. This data suggest as well that LSD easily passes the blood-brain barrier (Fig. 5) .
Two studies [100, 101] , which evaluated a twocompartment model, concluded that the relation between (neuropsychological) LSD effects and LSD tissue concentration could be linear, logarithmic-linear, or neither. 
Plasma Protein Binding
No data about the binding of LSD to human plasma proteins are available. At plasma concentrations of 0.1 and 20 mg/L, in vitro experimentation on guinea pigs showed that 65-90% of LSD is bound to nondiffusible plasma constituents [97] .
Course of Plasma Levels
It has been calculated that LSD exerts its psychological effects in man (given at 1 μg/kg p.o.) at a concentration of 0.0005 μg/g of brain tissue [97] .
The only study about the course of plasma levels after administration of LSD was done by Aghajanian and Bing [102] . When humans were given doses of 2 μg/kg i.v., the plasma level was 6-7 ng/mL in about 30 min. Over the course of the next 8 h, plasma levels gradually fell until only a small amount of LSD was present (cf. Fig. 6 ).
Metabolism and Excretion
Species vary greatly in their LSD metabolism rate. The half-life in mice (2 mg/kg i.p.) is 7 min, 130 min in cats (0.2 mg/kg i.v.), and 100 min in monkeys (M. mulatta) (0.2 mg/kg i.v.) [97] . The half-life of LSD in humans was found to be 175 min [89, 102] .
The metabolism of [
14 C]-LSD has been investigated in rats (1 mg/kg i.p.), guinea pigs (1 mg/kg i.p.), and rhesus monkeys (0.15 mg/kg i.m.) by Siddik et al. [103] . [ 14 C]-LSD is almost completely metabolized by all three species, and only very little of the unchanged drug is excreted. The metabolites identified were 13-and 14-hydroxy-LSD and their glucuronic acid conjugates, 2-oxo-LSD, nor-LSD, as well as a not further specified naphthostyril derivative. However, important differences in the nature and amounts of the various metabolites occur in different species. The major metabolites in rats and guinea pigs (found in urine and bile) were glucuronic acid conjugates of 13-and 14-hydroxy-LSD. Guinea pigs excrete significant amounts of 2-oxo-LSD in urine and bile. Lysergic acid ethylamide (LAE) was a minor urinary metabolite in both species. The metabolic fate of LSD also appears to be unique in rhesus monkeys. Their urine contains at least nine metabolites. Four of them were identified as: 13-and 14-hydroxy-LSD (as glucuronic acid conjugates), LAE, and a (not exactly defined) naphthostyril derivative of LSD. Glucuronic acid conjugates of 13-and 14-hydroxy-LSD were present only in small amounts, setting rhesus monkeys apart from rats and guinea pigs.
In humans, LSD is metabolized rapidly into some structurally similar metabolites (see Figure 4) . It was first established through in vitro studies that LSD is metabolized in humans by some NADH-dependent microsomal liver enzymes to the inactive 2-oxy-LSD [97, 104] and 2-oxo-3-hydroxy LSD. Metabolites were first detected in urine with infrared spectroscopy [93] . In a later study, Niwaguchi et al. [105] identified LAE (which originates from enzymatic N-dealkylation of the diethylamide radical at side chain position 8) and nor-LSD, an N-de-methylated degradation product of LSD. Another metabolite was identified as di-hydroxy-LSD [106] . Klette et al. [106] and Canezin et al. [107] found the following LSD metabolites in human urine: nor-LSD, LAE, 2-oxo-LSD, 2-oxy-3-hydroxy-LSD, 13-and 14-hydroxy-LSD as glucoronides, lysergic acid ethyl-2-hydroxyethylamide (LEO), and trioxylated LSD. The major metabolite in urine is 2-oxy-3-hydroxy-LSD (which could not be detected in blood plasma).
Urine was collected for 24 h and feces for 48 h from monkeys (M. mulatta) (0.2 mg/kg LSD i.v.). Less than 1% of the administered LSD was found in urine or feces. This observation suggests that LSD underwent almost complete metabolic change in monkeys [97] .
The elimination of [ 14 C]-LSD in the rat, guinea pig, and rhesus monkey over a 96-h period has been investigated by Siddik et al. [103] . Rats (1 mg/kg i.p.) excreted 73% of the 14 C in feces, 16% in urine, and 3.4%
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Figure 4
The metabolites of LSD (Canezin et al. [107] ). in the expired air as 14 CO 2 . Guinea pigs (1 mg/kg i.p.) excreted 40% in feces, 28% in urine, and 18% as expired 14 CO 2 . Rhesus monkeys (0.15 mg/kg i.m.) eliminated 23% in the feces and 39% in the urine. Extensive binary excretion of [ 14 C]-LSD occurred in both the rat and guinea pig [103] .
Determination of urinary concentrations of LSD following a single dose of the drug (200 μg p.o.) in humans shows that the rate of excretion of LSD reaches a maximum approximately 4-6 h after administration [108] . The elimination half-life for LSD is 3.6 h. LSD and its metabolites are reported to be detectable in the urine for as long as 4 days after ingestion [108] . Using a radioimmunoassay (RIA) screening test (cut-off at 0.1 ng/mL) the detection limit for 100 μg LSD p.o. is usually around 30 h. Each doubling of the initial amount will add about 5 h [109] . LSD or its cross-reactive metabolites were detectable for periods of 34-120 h at concentrations of 2-28 μg/L in urine (n = 7, 300 μg LSD p.o.) [110] .
Detection of LSD in Body Fluids
Since LSD is ingested in quite small amounts, the LSD to be detected in biological samples is likewise very small. How long LSD can be detected in the body varies by (1) the test being used, (2) the detection limit placed on the test, (3) the point of collection, (4) the type of sample fluid, (5) the amount of LSD that was ingested, and (6) the specific individual organism. A moderate dose of LSD (100-200 μg p.o.) within a few hours after ingestion results in plasma and urine concentrations at the subng/mL level [111] . LSD content of body fluids may be detected by RIA and enzyme immunoassay. Laboratory tests have shown that RIA results are accurate down to at least 0.5 ng/mL [112] . A new indirect enzyme-linked immunosorbent assay (ELISA) was used to detect as little as 1 pg of total drug in 25 μL blood [113] .
Routine forensic methods for confirmatory and quantitative testing for LSD employ high-performance thin layer chromatography (HPTLC) and different forms of gas chromatography/mass spectrometry (GC/MS) with detection limits set to approximately 0.4 μg/L [109, 114] .
The practical (forensic) detection limits are as low as 0.1 and 0.25 ng/mL for LSD and N-desmethyl-LSD, respectively.
The average time for determination of LSD in blood specimens is estimated to be 6-12 h and 2-4 days in urine specimens [109, 111, 115] . In most LSD-positive urine samples the metabolite, 2-oxo-3-hydroxy-LSD, is present at higher concentrations than LSD and can be detected after LSD ingestion for a longer time than LSD itself [116] . Determination of LSD in hair specimens is now available even for low and single time dosing but not for LSD metabolites [117, 118] .
Pharmacodynamics
In 1966, LSD was placed into the most restrictive drug control schedule, and since that time there have been no human studies about the effects of LSD on the human brain. Until 1966, many in vitro and in vivo studies were done but with older and less refined methods.
Regional Distribution in Brain Tissue
Arnold et al. [119] studied mice with extraordinarily high doses (8.12 mg/kg i.p.) of [
14 C]-LSD to elucidate its distribution in the brain. They demonstrated that cellular structures contained more LSD than all other brain matter. The highest concentration was found in the hippocampus and, in decreasing order, in the basal ganglia, periventricular gray matter, and the frontoparietal cortex.
Snyder and Reivich [96] studied the regional distribution of LSD in squirrel monkey (Saimiri sciurcus) brains (0.5-2 mg/kg i.v., n = 4). These animals were sacrificed 30 min after LSD infusion. LSD was found unequally [9] Approx. 4,300 Approx. 49,000 0.7:1,000 0.3:1,000 0.9:1,000 Gasser [11] 121 Approx. 600 0 0 0 distributed in different areas of the brain. The highest concentrations were found in the pituitary and pineal glands with concentrations seven to eight times higher as in the cortex. Structures of the limbic system (hippocampus, amygdala, fornix, and septal region) contained two to three times more LSD than cortical structures. LSD compared to cortical regions was two to five times more concentrated in the visual and auditory areas, hypothalamus, extrapyramidal system, and thalamus. The brain stem contained LSD concentrations similar to the cortex. LSD was equally distributed between white and gray matter.
Effects on Cerebral Circulation
Cerebral circulation and metabolism have been investigated in humans only by Sokoloff et al [75] . At the height of LSD-effects (n = 13, 120 μg i.v.), the general cerebral blood flow (measured with the nitrous oxide method), cerebral vascular resistance, cerebral oxygen consumption, and glucose utilization were not significantly changed. Sokoloff et al. [74] summed their results critically in this way: "It is possible that the action of lysergic acid is associated with changes in cerebral circulation or metabolism, but in areas representing so small a fraction of the total brain that the effects are obscured in measurements in the brain as a whole. Alternatively, it may be that in a heterogeneous organ like the brain, many of those parts are functionally inversely or reciprocally related, changes in the net metabolic rate of the brain remains unchanged" (p. 475).
Neurophysiological Actions
Forrer and Goldner [68] and Hertle et al. [120] described a dose-dependent hyperreflexia and a mild ataxia as the major neurological effects of LSD. The EEG shows mild and little specific signs of activation after LSD ingestion. Most common is an increase in α mean frequency [121] [122] [123] . Other researchers describe a progressive desynchronization due to a quantitative decrement of the slow component after LSD [124, 125] . Goldstein et al. [126] reported a decrease of EEG variability of 33% after LSD (0.3-1.0 μg/kg p.o.). Goldstein and Stoltzfus [127] analyzed human EEG amplitude levels in right and left occipital areas and found that in most subjects the normal pattern of lateralization was reversed by LSD.
Neurometabolic Effects
No studies about the neurometabolic actions of LSD have been completed. However, there are neurometabolic studies published for related hallucinogens like psilocybin [129, 130] , dimethyltryptamine (DMT) [131] , and mescaline [132] . There are many incongruencies regarding the results of the different studies, which limit the plausibility of hypotheses developed to explain neurofunctional alterations during hallucinogen effects [133] . Only the major and congruent results will be mentioned here. The major hallucinogens appear to activate the right hemisphere, influence thalamic functioning, and increase metabolism in paralimbic structures and in the frontal cortex. Because most of these metabolic changes are also found in persons during psychological stress [134, 135] , it is not easy to distinguish which alterations are primary substance-induced and which are due to secondary (compensatory) psychophysical processes induced by general psychosocial stress during hallucinogen intoxication under experimental conditions. In regard to global brain metabolism, some investigators found an increased metabolism [130, 132] , but others found no change [129, 136] .
Interactions with Receptors
The complex receptor interactions of LSD are a significant topic of experimental work and speculation about LSD's working mechanisms. The predominant hypothesis on how indole hallucinogens affect serotonin (5-HT) is summarized as follows: LSD acts to preferentially inhibit serotonergic cell firing while sparing postsynaptic serotonergic receptors from upregulation/downregulation. This preference is shared in a somewhat limited fashion by non-indole hallucinogens. Nonhallucinogenic analogs of LSD show no such preference.
Serotonin (5-hydroxytryptamine; 5-HT) is produced by a small number of neurons (1000s) that each innervate as many as 500,000 other neurons. For the most part, these neurons originate in the raphe nuclei (RN) of the midbrain. One major target of these is the locus coeruleus (LC), which controls the release of norepinephrine, which regulates the sympathetic nervous system. The LC also has neurons that extend into the cerebellum, thalamus, hypothalamus, cerebral cortex, and hippocampus. The RN extends its projections into the brainstem and up into the brain. It has been suggested that neurons in this brain region may inhibit sensation, thus protecting the brain from sensory overload. The fact that the LC and the RN innervate virtually every part of the brain shows that serotonin can activate large portions of the brain from a relatively small area of origination [146] .
In general, 5-HT may be seen as a mainly inhibitory transmitter; thus, when its activity is decreased, the next neuron in the chain is freed from inhibition and becomes more active. This view is limited by the fact that a few 5-HT receptors are excitatory ion channels (5-HT 3 ) and some subtypes may have excitatory effects depending upon the G protein coupling within specific neurons. Since serotonergic systems appear to be intimately involved in the control of sensation, sleep, attention, and mood, it may be possible to explain the actions of LSD and other hallucinogens by their disinhibition of these critical systems [146] .
LSD acts as a 5-HT autoreceptor agonist on 5-HT 1A receptors in the LC, the RN, and the cortex. It inhibits firing and serotonin release of these cells. It also acts as a partial agonist on the postsynaptic 5-HT 1A site. LSD has high affinity for other 5-HT 1 subtypes 5-HT 1B , 5-HT 1D , and 5-HT 1E . Effects of LSD on 5-HT 2C , 5-HT 5A , 5-HT 6 , and 5-HT 7 receptors [e.g., [147] [148] [149] are described, but their significance remains uncertain. However, the hallucinogenic effect of LSD has been linked to its affinity for the 5-HT 2 receptor where it acts as a 5-HT 2 agonist, as this property is shared by hallucinogens of the phenethylamine group (mescaline, 2,5-dimethoxy-4-iodoamphetamine, etc.) and the indolamine group (psilocybin, DMT). A strong correlation was described between psychoactive doses of these hallucinogens and their respective potency at the 5-HT 2 receptor [150] [151] . Most data indicate a specific 5-HT 2A mechanism, although a 5-HT 2C effect cannot be ruled out.
LSD is probably best called a mixed 5-HT 2 /5-HT 1 receptor partial agonist. Today it is believed that LSD is a partial agonist at 5-HT 2A receptors [e.g., 152, 153] , especially those expressed on neocortical pyramidal cells. Activation of 5-HT 2A also leads to increased cortical glutamate levels [154, 155] probably mediated by thalamic afferents [25] . However, this increase in glutamate release can lead to an alteration in corticocortical and corticosubcortical transmission. LSD's dual effect on 5-HT 2 (stimulatory) and 5-HT 1 (inhibitory) can explain how it may appear as an antagonist because it can modulate its own effect.
In a recent study, Gonzalez-Maeso et al. [156] compared 2-HT 2A agonists with and without hallucinogenic activity in mice. It was found that these types of agonists differ in regard to the G-protein activiation induced, especially those of the pertussis toxin-sensitive heterotrimeric G i/o and G a/11 proteins and their coactivation. Using mice modified to genetically express 5-HT 2A receptors only in the cortex, it was shown that these receptors were sufficient to produce hallucinogenic effects (as indicated by hallucinogen-specific head twitch response) with identical firing rates of pyramidal neurons as without this manipulation. This may imply that the hallucinogenic effects are mainly mediated by cortico-cortical neural circuits rather than by thalamo-cortical circuits as proposed earlier by some scientists [133] .
Nichols and Sanders-Bush [157] first described an LSDmediated increase in gene expression, which Nichols et al. [158] found to be due to activation of 5-HT 2A receptors.
There is also evidence that LSD interacts with dopaminergic systems. In comparison to other hallucinogens, LSD interacts agonistically and antagonistically with central dopamine D 1 und D 2 -receptors [159, 160] . It is not established how these changes are involved in psychoactive effects of LSD, but studies with the related, but more selective 5-HT 2A hallucinogen psilocybin demonstrated an increased release of dopamine, as evidenced by a 20% decrease of [ 11 C]raclopride binding after psilocybin in human subjects [161] .
Marona-Lewicka et al. [162] discovered receptor activation by LSD to be time-dependent. LSD in rats 15-30 min prior to testing in a discriminative stimulus task leads to 5-HT 2A activation, while after 90 min D 2 -receptors may mediate major parts of LSD reactions. These data suggest an interaction between dopamine and serotonin receptors and might be a possible explanation for the enormous range of effects LSD engenders in humans.
Tolerance
Tolerance is defined as a decrease in responsiveness to a drug after repeated administration. Tolerance to the effects of LSD occurs in humans and animals. Tolerance to autonomic and psychological effects of LSD occurs in humans after a few moderate daily doses of LSD [42, 163, 164] . Abramson et al. [163] gave 5-100 μg LSD p.o. for 3-6 days to healthy volunteers. After 2-3 days, a solid tolerance developed as demonstrated in psychological and physiological tests. After tolerance to LSD is achieved and placebo instead of LSD is given for the next 3 days, the typical LSD effects will finally reoccur on the fourth day [42] .
A recent animal experiment with rats (130 μg/kg LSD i.v. for 5 consecutive days), who were previously trained to discriminate LSD from saline, indicated a decrease in 5-HT 2A receptor signaling caused by a reduction of 5-HT 2A receptor density [165] . This reduction in receptor density may point to a possible mechanism for the development of acute tolerance to LSD.
Pretreatment with BOL-148, a nonhallucinogenic congener of LSD with serotonin antagonist properties like LSD, [166] will not block the effects of LSD [167, 168] . But other derivates of LSD, such as UML-491 and MLD-41, are able to induce cross-tolerance if applied in the days prior to LSD [167] .
There is partial cross-tolerance (depending on whether LSD is given first or second) among LSD, mescaline, and psilocybin [168] [169] [170] . The most complete crosstolerance is to mescaline in LSD-tolerant subjects. One study suggested that one-way cross-tolerance from LSD to DMT does not occur [171] . Studies with -9-tetrahydrocannabiol (THC) in subjects tolerant to LSD did not demonstrate a cross-tolerance between these drugs [172, 173] . There is no cross-tolerance between LSD and amphetamine [169] . See Wyatt et al. [174] and Hintzen [50] for a complete review of tolerance and cross-tolerance studies with LSD.
Interactions of LSD with Other Substances
Various studies have evaluated drug-drug interactions with LSD. Early clinical studies focussed primarily on LSD interactions with neuroleptics, especially chlorpromazine (CPZ). CPZ has proven to be an incomplete antagonist of LSD. When CPZ is given simultaneously with LSD to humans in small doses (below 0.4 mg/kg), it produces no changes in LSD's effects [175] . At higher doses (0.7 mg/kg) of CPZ, LSD-induced side effects, such as nausea, vomiting, dizziness, reduction in motor activity, and/or anxiety, have been reported to diminish or disappear [176] . CPZ did not appreciably alter the production of hallucinations or delusions, but associated unpleasant feelings were reduced or eliminated [177] .
As mentioned, sedative-hypnotics like diazepam (5mg p.o./i.m.) are often used in the emergency room setting for acute presentations of LSD intoxication to help reduce panic and anxiety [178, 179] . Chronic administration of selective serotonin reuptake inhibitors (SSRIs) as well as monoamine oxidase inhibitor (MAOI) antidepressants are reported to diminish LSD effects [180] . An explanation may be that chronic application of antidepressants decrease 5-HT2-receptor expression in several brain regions [181] . In turn, one could predict that reabsorption of 5-HT 2A receptors will not be complete after single predosing with an SSRI or MAOIs; in such circumstances, the risk for serotonin syndrome may be heightened. Lithium and some tricyclic antidepressants have also been reported to increase the effects of LSD [180] . It has to be mentioned that LSD in combination with lithium drastically increases LSD reactions and can lead to temporary comatose states as suggested by anecdotal medical reports [182] .
Psychiatric Complications
Many reports exist about psychiatric complications following LSD ingestion outside the research setting. The most common unpleasant reaction is an episode of anxiety or panic (with severe, terrifying thoughts and feelings, fear of losing control, fear of insanity or death, and despair)-the "bad trip" [15] . Other complicated reactions may include temporary paranoid ideation and, as after-effects in the days following a LSD experience, temporary depressive mood swings and/or increase of psychic instability [17, 61] .
Crucially, there is a lack of evidence that other complications will routinely occur or persist in healthy persons taking LSD in a familiar surrounding. Cohen [8] , Malleson [9] , and Gasser [11] observed approximately 10,000 patients safely treated with LSD as a psycholytic agent. Indeed, past clinical studies with LSD were completed reporting very few if any complications (cf. Table 1 ).
An extensive number of individuals participated in LSD research, with Passie [2] estimating some 10,000 patients participating in research of the 1950s and 1960s. The incidence of psychotic reactions, suicide attempts, and suicides during treatment with LSD, as noted in Table 1 , appears comparable to the rate of complications during conventional psychotherapy.
"Flashbacks" are characterized in the WHO International Classification of Diseases, Version 10 (ICD-10) as of an episodic nature with a very short duration (seconds or minutes) and by their replication of elements of previous drug-related experiences. These reexperiences of previous drug experiences occur mainly following intense negative experiences with hallucinogens, but can sometimes also be self-induced by will for positive reexperiences and are in this case sometimes referred to as "free trips" (for complete review see Holland [198] .). The Diagnostic and Statistical Manual of Mental Disorders, Version IV (DSM-IV) defines clinically significant flashbacks as "Hallucinogen Persisting Perception Disorder"(HPPD), which appears to be particularly associated with LSD. Halpern and Pope [199] reviewed 20 quantitative studies from 1955 to 2001 and concluded that the occurrence of HPPD is very rare, but, when it occurs, it typically will have a limited course of months to a year, but can, in some even rarer cases, last for years with considerable morbidity.
Conclusion
The pharmacology of LSD is indeed quite complex, which may, in part, explain why its mechanisms of action remain unclear. LSD is physiologically well tolerated and there is no evidence for long-lasting effects on brain and other parts of the human organism. The above review of pharmacology, psychopharmacology, related preclinical research, as well as basic studies with human subjects are gleaned from research that was for the most part conducted in the 1950s and 1960s during an era that held great promise for LSD and related hallucinogens. Hope was placed in these substances for new treatments for psychiatric conditions and discoveries that would "unlock the mysteries" of the mind. And hallucinogen research did indeed lead to the discovery of serotonin, brain second-messenger systems, and a variety of other research techniques such as prepulse inhibition and the use of animals for detection of activation of specific subreceptors. The research of LSD faded after these advancements and also because the clinical promises failed to be realized while illicit use of hallucinogens pressured governments into taking police action against such use. Government funding of research dried up, as well, and a generation of scientists moved on to other topics. Today, LSD and other hallucinogens are once again being evaluated for specific purposes, such as for treatment of cluster headache and as tools in therapy for working with those suffering from anxiety provoking end-of-life issues and for posttraumatic stress disorder. As these new studies move forward, it is hoped that this present paper will be a roadmap for also securing the data missing from our knowledge of the pharmacology of LSD.
